Introduction {#sec1}
============

In clinical practice, the important hygienic prevention of bacterial pathogen spread is disinfection of potentially contaminated area, such as rooms, utensils and hands. Some antiseptics and disinfectants, sharing common characteristics,[@bib1] such as irritation, contact dermatitis, and urticaria, have to be carefully used at minimal bactericidal concentrations in controlling pathogen contamination. For example, povidone-iodine and chlorhexidine are important antiseptics for decreasing skin contaminations of Gram-positive and Gram-negative bacteria, especially those antibiotic-resistant strains, such as MRSA and CA-MRSA. Aldehydes and quaternary ammonium compounds, such as benzalkonium bromide and benzalkonium chloride, are wildly used as disinfectants for sterilization of non-living objects or surfaces.[@bib2], [@bib3] The usage of those chemical antiseptics and disinfectants is the vital way to inhibit the spread of pathogen in hospital. However, a large number of pathogens with the decreased antiseptic susceptibility have been isolated from clinical samples which showed an increased minimal inhibitory concentration (MIC) against those antiseptics.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8] These resistant pathogens are the major causes for nosocomial cross-infections in hospital. Sometimes, the infection is fatal. Since 1980s, Pseudomonas and *Pseudomonas cepacia* have been isolated in iodophor and polyvinylpyrrolidone-iodine complex (PVP-I) respectively. And the last one has resulted in pseudobacteremia.[@bib1] Similarly, Gram-positive bacteria resistance has also been reported in the past decades. The activity of three *Enterococcus* spp strains can last for 5 min in 100 ppm available chlorine, while only 2 min for non-resistant *Enterococcus* in 0.5 ppm chlorine.[@bib9] Based on these clinical observations it\'s important and crucial to monitor pathogen resistance against system antiseptics and disinfectants.

To closely monitor the bacterial adaptation and resistance to antiseptics and disinfectants, some microbiological assays used in evaluation of antibacterial activity of antibiotics, such as agar diffusion assay,[@bib10] cylinder plate assay,[@bib11] could be applied. Although less accurate and less precise than HPLC assays, the microbiological assays are still widely used for clinical practice because of their advantages of short turn-around time, simplicity, and low cost. One of the agar diffusion bioassay, Oxford plate assay, is commonly used for the measurements in antibiotics for antibacterial activities and cytotoxicity based on the correlation of the size of bacteriostatic ring and the dosage of antibiotics.[@bib12], [@bib13], [@bib14], [@bib15], [@bib16] However, the usefulness of the Oxford plate method in detecting the resistance of pathogen against chemical disinfectant is not well studied. To explore such potential Oxford plate method was used in the present study to determine the potential disinfectant resistance of *Staphylococcus aureus* and *Escherichia coli* against benzalkonium bromide and chlorhexidine acetate in dosage forms of MIC.

Materials and methods {#sec2}
=====================

Bacteria strains {#sec2.1}
----------------

The *S*. *aureus* (ATCC6538) and *E. coil* (8099) were routine strains in chemical disinfectant and antibiotic-resistance detection. They were provided by Chinese PLA Center for Disease Control & Prevention, Academy of Military Medical Sciences. The 29 *S*. *aureus* clinical strains were automatically separated by VITEK 2 Compact (Biomérieux, France) from the Department of Infection Control, Air Force General Hospital.

Chemicals {#sec2.2}
---------

The stainless steel Oxford plates with inner diameter (6.0 ± 0.1) mm, outer diameter (7.8 ± 0.1) mm, height (10.0 ± 0.1) mm were purchased from Shanghai Huake Labware Co., LTD. The gradient dilutions of benzalkonium bromide from 50 mg/mL stock solution (Nanchang Baiyun Pharmaceutical) were 32 000, 16 000, 8 000, 4 000, 2 000, 1 000, 500, 250, 125, 62.5, 31.25, 15.625, 7.812 5 μg/mL with ddH~2~O. And chlorhexidine acetate (Jiutai Pharmaceutical) was dissolved with ddH~2~O to a final concentration of 2 000, 1 000, 500, 250, 125, 62.5, 31.25, 15.625, 7.812 5, 3.906 μg/mL. The MUELLER-HINTON (MH) agar plates (90 mm) and MH broth powder were purchased from BIOMERIEUX and OXOID.

Microbiological assay {#sec2.3}
---------------------

### Oxford plate assay {#sec2.3.1}

3--4 bacteria colonies were picked up and resuspended in sterile PBS. The suspension was adjusted to 0.5 McF (equal to 1.5 × 10^8^ cfu/mL) by turbidimeter and then diluted by 10 folds in which the concentration was around 1.5 × 10^7^ cfu/mL. The suspension was homogeneously smeared on the MH plate using sterile cotton swab. 2 cylinders were placed on the surface of inoculated medium. The cylinders were filled with 250 μL containing the titrations of benzalkonium bromide or chlorhexidine acetate. After incubation for 24 h at 37 °C, the zone diameters of the growth inhibition were measured and compared. Same experiments were performed with the 29 clinically isolated *S*. au*reus* with 60 μg/mL benzalkonium bromide. Each concentration listed in 2.2 chemicals was tested for quadruplicates.

### Suspension quantitative germicidal test {#sec2.3.2}

2.5 mL of each concentrations (as above) of benzalkonium bromide was added to MH broth tube to make a final concentration of 8, 6, 4, 3, 2, 1.5, 1, 0.5 μg/mL respectively. The suspension of *S*. *aureus* strains (named as sau + numbers) was adjusted to 0.5 McF. Adding 0.1 mL of those into the benzalkonium bromide MH broth medium, the bacteria were cultured at 37 °C for 48 h. The minimal inhibitory concentration (MIC) was determined as the highest dilution of medium in which none bacteria could grow. Each experiment was conducted in quadruplicates.

Statistical analysis {#sec2.4}
--------------------

The data were analyzed by SPSS20.0. The correlation analysis of the diameter of growth inhibition zone and the minimal inhibitory concentration was performed by Sperman (α = 0.01). The linear correlation between the diameter of growth inhibition zone and the log concentration (μg/mL) of tested disinfectants was analyzed by Origin 7.5 software.

Results {#sec3}
=======

Comparison of the disinfectant susceptibility of *S. aureus* and *E. coli* {#sec3.1}
--------------------------------------------------------------------------

Generally, the Oxford plate assay is an agar diffusion bioassay which is used to detect the antibacterial activity of antibiotics. In order to explore if it\'s useful for evaluating the antibacterial effects of disinfectants, it was used in this study to detect the bactericidal activities of benzalkonium bromide and chlorhexidine acetate against *S. aureus* (ATCC6538) and *E. coli* (8099) respectively. Using the Oxford plate method, well-defined inhibition growth zones were formed allowing accurate measurements ([Fig. 1](#fig1){ref-type="fig"}A). The corresponding mean diameter of bacteriostatic zone was positively correlated with the logarithm of the applied doses of benzalkonium bromide ([Table 1](#tbl1){ref-type="table"}). Similar results were found with the chlorhexidine acetate ([Table 2](#tbl2){ref-type="table"}). We also found the bacteriostasis of tested disinfectants on *S. aureus* is similar. However, *E. coli* is more sensitive to chlorhexidine acetate than to benzalkonium bromide ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}).Fig. 1The correlation of benzalkonium bromide against *S. aureus* tested by Oxford plate assay. (A) An example photo of the Oxford plate assay. (B) Calibration curves of the log concentration (μg/mL) versus the zone diameter (mm) for the inhibition of benzalkonium bromide on *S. aureu*s (ATCC6538).Fig. 1Table 1Antibacterial susceptibility of benzalkonium bromide against *S. aureus* and *E. coli*.Table 1Concentration (μg/mL)*S. aureus* (ATCC6538)*E. coli* (8099)Mean diameter of inhibition zone (SEM ± S) (mm)Variation coefficients (%)Mean diameter of inhibition zone (SEM ± S) (mm)Variation coefficients (%)7.819.88 ± 0.525.24NsNs15.6310.75 ± 0.898.25NsNs31.2512.31 ± 1.199.69NsNs62.517.17 ± 0.824.76NsNs12519.38 ± 0.522.67NsNs25021.88 ± 0.884.019.06 ± 0.869.5350022.38 ± 0.582.611.69 ± 0.756.44100023.17 ± 0.823.5214.42 ± 0.584.05200024.5 ± 1.044.2215.88 ± 0.744.694000NsNs17.13 ± 0.885.128000NsNs18.00 ± 0.804.4516,000NsNs18.63 ± 0.442.3832,000NsNs19.44 ± 0.502.55Table 2Antibacterial susceptibility of chlorhexidine acetate against *S. aureus* and *E. coli*.Table 2Concentration (μg/mL)*S. aureus* (ATCC6538)*E. coli* (8099)Mean diameter of inhibition zone (SEM ± S) (mm)Variation coefficients (%)Mean diameter of inhibition zone (SEM ± S) (mm)Variation coefficients (%)3.9110.25 ± 0.535.21NsNs7.812512.13 ± 0.695.7310.81 ± 0.807.3915.62515.00 ± 0.805.3512.44 ± 0.564.5331.2516.69 ± 1.136.7814.69 ± 0.845.7462.518.00 ± 0.713.9316.25 ± 0.764.6512519.19 ± 0.593.117.63 ± 0.583.325021.13 ± 0.693.2919.00 ± 0.804.2250021.63 ± 1.095.0620.94 ± 0.683.24100023.88 ± 0.692.9121.83 ± 0.522.37200025.38 ± 0.582.323.06 ± 0.622.7

Further calculation assumed a linear relationship between the observed diameter of bacteriostatic zone and the logarithm of the applied dose. The calibration curves for disinfectants were constructed by the log concentration (μg/mL) versus the zone diameter (mm). The representative linear equation for benzalkonium bromide against *S. aureus* and *E. coli* was y = 9.05 + 6.28x (r = 0.92, *P* \< 0.000 1) ([Fig. 1](#fig1){ref-type="fig"}B) and y = 2.47 + 4.54x (r = 0.87, *P* = 0.002) respectively ([Fig. 2](#fig2){ref-type="fig"}). For the activity of chlorhexidine acetate, the representative linear equation for *S. aureus* was y = 11.74 + 5.17x (r = 0.97, *P* \< 0.000 1) ([Fig. 3](#fig3){ref-type="fig"}) and *E. coli* was y = 9.8 + 5.26x (r = 0.99, *P* \< 0.000 1) ([Fig. 4](#fig4){ref-type="fig"}). All the correlation coefficient was statistically significant for the method.Fig. 2Calibration curves of the log concentration (μg/mL) versus the zone diameter (mm) for the inhibition of benzalkonium bromide on *E. coli* (8099).Fig. 2Fig. 3Calibration curves of the log concentration (μg/mL) versus the zone diameter (mm) for the inhibition of chlorhexidine acetate on *S. aureus* (ATCC6538).Fig. 3Fig. 4Calibration curves of the log concentration (μg/mL) versus the zone diameter (mm) for the inhibition of chlorhexidine acetate on *E. coli* (8099).Fig. 4

Antibacterial effect of benzalkonium bromide on clinically isolated *S. aureus* {#sec3.2}
-------------------------------------------------------------------------------

To determine the clinical application in screening disinfectant resistant bacteria strain, the Oxford plate assay was used to detect the potency of disinfectants by comparing the growth inhibition zone among 29 clinically isolated *S. aureus* and reference standard (ATCC6538) induced by 60 μg/mL benzalkonium bromide. After incubating at 37 °C for 24 h, the diameter of inhibition growth zone is ranging from 11.5 mm to 19.5 mm for the clinical strains compared with 17.0--19.5 mm for standard strain. The minimal inhibitory concentration (MIC) was evaluated using broth dilution method. The results showed that the MIC of the reference strain (ATCC6538) was around 1.5 μg/mL ([Table 3](#tbl3){ref-type="table"}). The results of the statistical analysis indicated that there is significant negative correlation between the diameter of growth inhibition zone from Oxford plate assay and the MIC value (r = −0.574, *P*~two-tailed~ = 0.000).Table 3Antibacterial activities of benzalkonium bromide against clinically isolated *S. aureus* strains.Table 3Clinically isolated strainOxford plate assayBroth dilution methodMean diameter of inhibition zone (SEM ± S) (mm)Variation coefficients (%)MIC~median~ (μg/mL)ATCC6538 (control)18.19 ± 0.904.941.5sau3317.94 ± 0.583.251.5sau3412.38 ± 0.604.843Sau4114.56 ± 0.634.363Sau4618.19 ± 0.502.731.5Sau5216.56 ± 0.392.362Sau5313.25 ± 0.433.272Sau5417.94 ± 0.583.251.5Sau5517.81 ± 0.502.791.5Sau5614.81 ± 0.664.452Sau7017.44 ± 0.533.021.5Sau7615.31 ± 0.563.631.5Sau7716.94 ± 0.533.112Sau7816.56 ± 0.462.81.5Sau8016.83 ± 0.472.81.5Sau8114.75 ± 0.563.791.5Sau8214.94 ± 0.583.92Sau8315.00 ± 0.614.082Sau13314.56 ± 0.634.362Sau13514.75 ± 0.432.942Sau14215.19 ± 0.664.342Sau14317.50 ± 0.714.041.5Sau14918.06 ± 0.774.251.5Sau15513.50 ± 0.503.73Sau15717.00 ± 0.502.941.5Sau15916.56 ± 0.462.81.5Sau16116.06 ± 0.633.951.5Sau16218.31 ± 0.613.331.5Sau16514.94 ± 0.684.561.5Sau16716.00 ± 0.613.831.5

Antibacterial coefficient of variation of disinfectants on *S. aureus* and *E. coli* {#sec3.3}
------------------------------------------------------------------------------------

Generally, the coefficient variation of disinfectant *vs.* bacteria was determined by Oxford plate method in the current study. The data was summarized and calculated by SPSS20.0 in [Table 4](#tbl4){ref-type="table"}. And the index of disinfectant against 29 clinical isolated *S. aureus* was (3.61 ± 0.71)%, indicating a good reproducibility of Oxford plate assay.Table 4Antibacterial coefficient of variation of disinfectant against *S. aureus* and *E. coli* (SEM ± *S*, %).Table 4Antiseptic*S. aureusE. coli*Benzalkonium bromide5.00 ± 2.444.90 ± 2.29Chlorhexidine acetate4.36 ± 1.464.24 ± 1.59

Discussion {#sec4}
==========

In healthcare facilities, antiseptics and disinfectants are used to reduce the cross-transmission of pathogenic microbes. Numerous studies demonstrated the resistance of the pathogenic microbes to antiseptics and disinfectants.[@bib4], [@bib7], [@bib8] Standardized methods of susceptibility testing and minimum inhibitory concentrations (MICs) were routinely applied in defining bacterial resistance to antibiotics. However, fewer reports demonstrated the utility of those methods in susceptibility testing for antiseptics and disinfectants. The use-dilution and agar-dilution methods have been used to evaluate the disinfectant activity and minimum inhibitory concentration (MIC).[@bib17] Alternatively it could be approximately determined by calculating the viable colonies in agar plates before and after exposure to a disinfectant.[@bib18] But these methods are less cost-effective and time-consuming. The emerging challenges of bacterial resistance to antiseptics and disinfectants in healthcare facilities call for more frequent susceptibility testing.[@bib8], [@bib19], [@bib20], [@bib21] For routine quality control in hospitals, validation of time-saving and less expensive methods to monitor resistance to antiseptics and disinfectants is highly warranted.

In this study, the Oxford plate assay, a standard microbiological method for evaluating the susceptibility and resistance to antibiotics,[@bib22] was used to evaluate the disinfectant susceptibility of *S. aureus* and *E. coli*. The results obtained in this study showed a significant correlation between the applied dosages of disinfectants, benzalkonium bromide and chlorhexidine acetate, and the diameter of growth inhibition zone for *S. aureus* (ATCC6538) and *E. coli* (8099). These results confirmed that the Oxford plate assay is suitable for its application in detecting bactericidal activities of disinfectants. However, we also noticed the limitations of the Oxford plate assay in the cases of o-phthalaldehyde and chlorine. Specifically we were not able to get a well-defined growth inhibition zone when using o-phthalaldehyde and chlorine against *S. aureus* (ATCC6538) and *E. coli* (8099). It might be due to the chemical properties of tested disinfectants as alcohols or aldehyde.

While the pathogen resistance to antibiotics has been known for decades, pathogen strains resistant to disinfectants are relatively recent findings. The spread of disinfectant-resistant pathogens has resulted in serious secondary cross-infections and deaths in hospitals. In the present study, both Oxford plate assay and broth dilution method were used to determine disinfectant susceptibility of 29 clinically isolated *S. aureus* strains to benzalkonium bromide. The results showed increased MICs using broth dilution method, indicating an acquired resistance in *S. aureus*, which corresponded to shrinked sizes of growth inhibition zones in Oxford plates. Our results also showed that MICs from broth dilution method have a negative correlation with the size of growth zone in Oxford plate. These comparisons gave further validation on the merit of Oxford plate assay in detecting disinfectant resistance, raising a promising prospect for this method to be used in the surveillance of bacterial resistance in hospitals.
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